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Abstract
A method is described for levitating micron-sized few layer graphene flakes in a quadrupole ion trap.
Starting from a liquid suspension containing graphene, charged flakes are injected into the trap using the
electrospray ionization technique and are probed optically. At micro-torr pressures, torques from circularly
polarized light cause the levitated particles to rotate at frequencies >1 MHz, which can be inferred from
modulation of light scattering off the rotating flake when an electric field resonant with the rotation rate
is applied. Possible applications of these techniques will be presented, both to fundamental measurements
of the mechanical and electronic properties of graphene and to new approaches to graphene crystal growth,
modification and manipulation.
1 Introduction
Since its discovery in 2004 [1], graphene has received a tremendous amount of attention directed both towards
understanding its fundamental properties and seeking applications for this new material [2][3][4]. From the
physics perspective, graphene is the first truly two dimensional (2D) system, with electronic, mechanical, and
thermodynamic properties all determined by the structure of a single sheet of carbon atoms. It seems likely that
the revolutionary applications for graphene in the future will make use in some way of the unique properties of
an intrinsically 2D system.
While graphene is an ideal 2D material, it nonetheless must be coupled to the outside world in real experi-
ments and, in practise, attached to a 3D substrate in some way. By now it is known that the substrate can limit
mobility of graphene electrons [5][6][7], and consequently the recent experiments demonstrating the fractional
quantum Hall effect in graphene [8][9] were conducted on samples that were suspended (i.e. the substrate was
etched away) in the region of measurement. Locally suspended samples were also used for the first measurements
of the mechanical properties of graphene [10][11], but it is probable that loss mechanisms and residual stresses
in these experiments are determined by the substrate [12]. The thermodynamic measurements of graphene are
perhaps most likely to be hindered by the presence of a substrate, since the expected melting temperature of
graphene is in excess of 3000 K, higher than that of any other material.
It is possible to avoid coupling to a substrate altogether if graphene is levitated using the particle trapping
technologies that have been perfected in recent decades. Indeed, optical trapping of graphene suspended in solu-
tion has recently been demonstrated [13]. Diamagnetic trapping is possible for graphite [14]. For measurements
of graphene, however, quadrupole (ion) trapping has several advantages: it is compatible with ultrahigh vac-
uum (UHV), low, and high temperature measurements; it can provide tight confinement of very small graphene
particles; finally, ion trapping has the advantage that charged graphene flakes will tend to remain flat when lev-
itated due to electrostatic repulsion. Interestingly, ion trap techniques have been applied previously to graphite
particles for studies of interstellar dust [15][16][17][18]. Ion trapping of micron-sized particles has also been
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developed as a test-bed for quantum information processing techniques [19][20] and for materials studies of
small particles [21][22].
Below, I describe a quadrupole trap optimized for graphene measurements and present preliminary data.
Graphene flakes originally suspended in liquid are injected into the trap vacuum chamber using the electrospray
ionization technique [23]. Trapped flakes are detected optically. The optical absorption and low mass of the
flakes mean that the particles absorb angular momentum from circularly polarized light [24][25] and begin to spin
rapidly at low pressure (p ∼=1µtorr). This spinning is directly demonstrated by the observation of rotational
resonance - the modulation of optical scattering from the particle at a well defined frequency of an applied
electric field - at frequencies above 1 MHz. This high rotation frequency, facilitated by the ability of graphene
to withstand centrifugal tension during rotation, is, to the author’s knowledge, the largest ever measured for a
macroscopic trapped object [24][26][17][27].
The experiment remains to be optimized, and all the data presented below are likely taken on multilayer
flakes, rather than on single layer graphene. Nonetheless, it is hoped that further refinements will enable
levitation of single layer graphene and that rotation resonance measurements will effectively capitalize on the
powerful techniques of analysis developed for magnetic resonance and ultimately provide a wealth of information
on the levitated sample and its internal properties.
I provide below a detailed description of the experimental design, including the development of many formulas
necessary to understand the requirements for trapping graphene, the expected optical signal from the trapped
sample, and the torques that will affect graphene motion in the trap. After a presentation of the data, I
conclude with a consideration of possible improvements to the current design and a discussion of applications
for graphene trapping, both for fundamental measurements and as a possible new environment for graphene
crystal modification and growth.
2 Description of the Quadrupole Trap
At its simplest, a quadrupole trap is comprised of two or more electrodes in a configuration where the electric
field E=0 at some point r = 0 in space away from the electrodes [28][29]. If only DC potentials are applied to
the electrodes then confinement of a charged particle at the point r = 0 is always unstable, but stable trapping
is possible with AC applied fields under appropriate conditions. The equation of motion is:
r¨ + γvr˙ =
q
m
cos(Ωtt)E(r), (1)
where q is the particle charge, m is its mass, Ωt/2pi is the frequency of the trapping field, and dots above variables
are used here and below to signify time derivatives. γv is the velocity damping rate, which will be extremely
important for graphene flakes, due to their small mass (typically ∼ 10−18 kg for a µm-sized monolayer) and
large surface area to mass ratio.
While it is possible to get exact results valid in the limit r → 0 by linearizing Eq. 1 [30], a more intuitive
picture of ion trap dynamics comes from the pseudopotential approximation [29]. In this approximation the
particle is assumed to be rapidly oscillating and experiences a spatially nearly uniform electric field during each
oscillation period. The position of the particle is separated into an oscillatory “micromotion” δ and a position
R of the particle averaged over an oscillation period: r = R + δ. Trapping occurs because in an oscillating
nearly uniform electric field in the absence of damping, δ and δ¨ (∝ force) are 180◦ out of phase: a particle in the
neighborhood of r = 0 will experience a force towards r = 0 when it is furthest away from r = 0 and away from
r = 0 when it is closest to it. If E → 0 at r = 0, then the force on the particle averaged over its micromotion
will be directed towards r = 0, leading to stable trapping. The effect of finite damping is to reduce the phase
difference between δ and δ¨, which will tend to reduce the average trapping force directed towards r = 0.
The above arguments can be used to derive an equation of motion for the particle position averaged over
the micromotion [29][16]:
R¨+ γvR˙+
q
m
∇Ψ(R) = 0, (2)
where the pseudopotential is:
Ψ(R) =
1
4
q
m
1
Ω2t + γ
2
v
E2(R). (3)
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Figure 1: Cross section of the apex of the trap electrodes (grey regions) and the surrounding pseudopotential.
The trap is made from two coaxial pieces of conically tapered stainless steel. The oscillating trap voltage is
applied to the outer electrode, while the inner electrode is held near ground. The surrounding vacuum enclosure
(not shown) is also grounded. The tip of the inner electrode extends beyond the face of the outer electrode by
about 200µm.
From the formula for the pseudopotential, it is seen that a smaller Ωt leads to greater confinement (provided
the pseudopotential approximation remains valid), and that the confinement rapidly weakens when γv > Ωt.
The trap used in the experiments described below is similar the stylus trap developed for ions [31]. It is a
coaxial arrangement of two conically shaped pieces of stainless steel, the apex of which is shown in Fig. 1. The
AC trap voltage is applied to the outer electrode, while the inner electrode is kept near ground. Additionally,
the chamber surrounding the trap (∼2 cm away from the apex) is also grounded. Calculated [32] values of
E2(R) are plotted, showing the pseudopotential minimum point about 0.8 mm away from the trap apex.
Along the axis of symmetry of the trap in the neighborhood of r = 0, E(r) may be approximated as:
Ez = − z
z20
Vout and Ex = Ey = 0. (4)
Here, Vout is the amplitude of the voltage applied to the outer electrode, and z0 is a parameter determined from
modeling the electrode configuration, and is 1.84 mm for the trap design depicted in Fig. 1. When γv = 0, Eqs.
2-4 are readily solved to get oscillating solutions with:
ωz =
1√
2
q
m
Vout
Ωtz20
. (5)
Similarly, for radial motion away from the axis of symmetry, oscillatory solutions can be obtained with ωx =
ωy = ωz/2. These solutions are obviously only valid in the regime ωz  Ωt. However, the trap will remain
stable when ωz/Ωt <0.32[19].
Nonzero biases applied to the inner electrode on the trap will produce an electric field at r = 0 of Ez =
−Vin/z1, where z1=6.4 mm is another parameter that can be determined by trap modeling [32]. Nonzero Vin
at DC shifts the trap minimum position along the z axis, while Vin applied at finite frequencies can be used to
determine ωz (and thus q/m) by observing resonance behavior.
Quadrupole traps are usually designed to maximize confinement while maintaining stability. For atomic
systems, this requires that Ωt > 10
7 sec−1, and excitation at this frequency is typically provided with a
tuned resonator. For graphene particles charged using electrospray ionization, q/m=10-100 C·kg−1(10−7 −
10−6 |e|·amu−1), much smaller than the values for atomic ions. Consequently, the trap excitation is conveniently
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Figure 2: Predicted velocity relaxation rate, γv, of graphene as a function of pressure.
provided by a circuit [33] using a high voltage op-amp [34]. This allows for a maximum voltage amplitude of
400 V at a maximum frequency of about 100 kHz. Using Vout=300 V, Ωt/2pi=30 kHz (values typically used in
these experiments), and q/m=10 C·kg−1in Eq. 5 for the trap in Fig. 1, I obtain: ωz=3300 sec−1. Thus, the
assumptions of the pseudopotential approximation are well satisfied during the experiments discussed below.
When a particle is confined by a quadrupole trap, fluctuations about the pseudopotential minimum will
ultimately be determined by Brownian motion [13]. Using the equipartition theorem:
1
2
kBT =
1
2
mω2z〈z2〉. (6)
For temperature T=300 K and m = 10−18 kg, 〈z2〉1/2= 20µm for the hypothetical particle discussed above.
This dimension is small compared to the size of the trap, but it is readily measurable, and can be used to
provide information about the trapped particle. Finally, the acceleration of gravity, g, will displace the particle
from the trap center by a distance g/ω2x, which is a few µm in this experiment and is generally not observable.
3 Particle Damping
From very crude kinetic theory in the free molecular (Knudsen) regime, the velocity relaxation time of a particle,
1/γv, is the time it takes to collide with its own mass of the gas molecules in its surroundings. For single layer
graphene, this time is just the time it would take for a monolayer of gas molecules to attach to the surface
(if they all stuck and had a mass comparable to C atoms). The pressure-time product necessary to deposit
a monolayer is known to surface scientists as the Langmuir unit =10−6 torr·sec. Consequently, for a graphene
monolayer p/γv ∼= 10−6 torr·sec. More refined kinetic theory [35] gives a very similar result for graphene in a
N2 ambient at 300 K. An important point is that for a 2D object like graphene, the mass and collision cross
section are proportional to one another, so γv is independent of the lateral size of the graphene layer. However,
The number of layers, n, will affect the mass, but not cross section. Thus, measurement of p/γv can be used to
determine n.
Using these ideas γv versus pressure is plotted in Fig. 2 for graphene for n = 1 and n = 10. As mentioned
above, finite γv weakens the trapping pseudopotential in Eq. 3 unless γv < Ωt. For the trap parameter Ωt=
200,000 sec−1, this requirement means that the trap can only operate at pressure below 1 torr. On the other
hand, finite γv is necessary, since - without a drag force - particles could never become bound in the trap.
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Consequently, the experiments discussed below are conducted by trapping the particles at around 0.5 torr and
subsequently pumping the system down to 10−3 − 10−6 torr for most measurements.
While the picture above is adequate to motivate the design of this experiment, it is worth noting that many of
the assumptions underlying simple kinetic theory may be unwarranted for a 2D object in the Knudsen regime.
For spherical objects the values of γv determined assuming purely specular and purely diffuse scattering of
molecules off the surface differ by only about 15% [35]. However, for a 2D plate moving in a direction parallel to
its surface, molecules specularly reflected off the surface do not transfer momentum to the plate in the direction
of its motion, and thus would not contribute to γv. Purely specular scattering would also not contribute to
γω the angular velocity relaxation rate for a plate rotating on an axis perpendicular to the plate. The relative
contributions of diffuse and specular scattering off graphene is unknown, but it is notable that crystalline
surfaces with a high degree of perfection are being developed as “atom mirrors” in which the ratio of specular
to diffuse scattering is significant [36].
4 Generation of Charged Flakes by Electrospray Ionization
Graphene flakes are introduced into the trap using the electrospray ionization technique. Originally developed
for mass spectrometry [23], electrospray has also been applied to inject micron-scale charged particles into
quadrupole ion traps [21],[19],[20]. In the electrospray technique, a liquid suspension containing the particles is
ejected from a capillary tube held at high voltage. Ejected droplets shrink in size due to a combination of liquid
evaporation and droplet fission, until only dry charged particles remain suspended in the chamber gas. The
large voltages required for electrospray mean that it is most easily performed at or near atmospheric pressure,
with charged particles subsequently introduced into a higher vacuum environment through a pinhole orifice
located near the electrospray emitter tip.
The suspensions used in these experiments are similar to those developed by Hernandez et al[37][38]. These
workers prepared suspensions by ultrasonication of graphite flakes in a variety of liquids. The resulting mixture
was then centrifuged to deposit coarse material, while finer particles remained suspended. The particles that
remain in suspension were shown to be micron-scale flakes of few layer graphene, with n typically in the range
1-10.
In order to use these suspensions for electrospray, it is extremely important to minimize non-volatile im-
purities in the liquid, since these impurities will accumulate on the graphene flake during liquid evaporation,
and can ultimately outweigh the residual graphene if care is not taken. While many liquids are effective for
graphene suspensions [37] I have chosen to use an isopropyl alcohol (IPA)-water mixture (3:1 volume ratio),
since IPA and water are commonly used in mass spectrometry and are available in “MS grade” (low in ionic
contaminants and <1 ppm residue after evaporation) [39]. Care must also be taken to ensure that only clean
and inert materials are brought into contact with the suspension and that it is not contaminated with foreign
particulates. For these reasons I give a rather detailed description below of the materials and techniques used
to prepare and deliver the suspension to the emitter tip.
The suspensions are prepared in 8 mL glass vials with PTFE-faced phenolic caps (VWR #14230-824). After
the vials are rinsed in IPA, 5 mg of graphite flake (Aldrich #332461) are weighed and introduced into the vial.
5 mL of liquid is then added, and the cap is closed. The vial is then placed in an ultrasonic bath (Branson #1510)
in a position so that the fluid level in the bath matches that inside the vial, and the sample is ultrasonicated
for 30 min. All operations where the suspension is exposed to air are performed in a clean room.
After ultrasonication the vial is centrifuged (Drucker #642E, approximate acceleration=1000g) for 30 min.
After centrifugation the supernatant has a typical optical attenuation coefficient (measured at 532 nm) of 80 m−1.
Using the attenuation dependence on concentration determined by Hernandez[37] of 2500 L·m−1·g−1, the typical
concentration of graphene flakes in the suspension is about 30 mg·L−1.
The supernatant is drawn through a syringe needle (Hamilton #90122) into a glass syringe (Hamilton #1750,
0.5 mL volume, with PTFE luer lock connection), which is placed into a syringe pump (Harvard Apparatus,
Nanomite) located at the top of the quadrupole trap vertical column (Fig. 3). Upon exiting the syringe the
suspension travels through PEEK 1.6 mm diameter tubing and fittings to the stainless steel electrospray emitter
(New Objective Corporation, 100µm tip inner diameter). The metal tip is connected to a wire that allows it
to be biased at high voltages.
During operation the emitter tip is surrounded by N2 at atmospheric pressure and is about 6 mm above a
25µm diameter grounded stainless steel pinhole aperture (Edmund Optics). Because contamination may arise
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Figure 3: Diagram showing the particle injection system and the gas handling of the experimental apparatus.
The minimum obtainable pressure in the chamber is ≤1µtorr
from particles in the gas surrounding the emitter tip that come into contact with exiting charged droplets,
the N2 is filtered (Swagelok, SCF Series, 0.003µm) prior to entering the chamber surrounding the tip. The
chamber walls are made of glass, so electrospray emission is visible when the tip is illuminated with a laser
pointer. Onset of electrospray emission typically occurs at Vtip ∼= ±2 kV, with optimal performance around
3 kV. Optimal flow rates during electrospray are typically 1-3µL·min−1. During particle trapping a roughing
pump evacuates the chamber downstream from the pinhole to about 0.5 torr. After a particle is trapped, a
gate valve between the electrospray source and the main chamber is closed (Fig. 3), allowing the chamber to
be pumped with a turbo pump to below 10−6 torr. For measurement of pressures > 10−4 torr a capacitance
diaphragm gauge and a convection gauge located close to the trap center are used. A cold cathode ionization
gauge is located downstream from the trap to measure lower pressures. Close proximity between the trap center
and the ionization gauge was avoided to prevent possible discharging of trapped particles, and consequently
there is considerable uncertainty in the pressure measurements below p < 10−4 torr. Finally, an N2 variable
leak is located downstream from the ionization gauge to enable control of the chamber pressure.
5 Optical Apparatus
During and subsequent to trapping, particles are imaged from light scattered at small angles from the direction
of an illuminating laser (Fig. 4). The light source is a λ =532 nm wavelength laser (Lasermate Corp.) with
adjustable output power. Laser power is levelled during measurements by using a photodiode and a PID
controller. Power flux at the center of the beam is determined by scanning the laser across a (non graphitic)
trapped particle and fitting the scattered intensity to a gaussian. The power flux calculated in this way is
3300 W·m−2·mW−1.
Care must be taken to avoid light scattering into the collection optics that could wash out the signal. For this
reason, coated windows (Lesker VPZL-450AR) are used for the optical entrance and exit to the trap chamber.
Additionally, the trap outer electrode is conically tapered to minimize scatter from corners and edges. Also,
laser line filter is placed in the collection optics to minimize interference from ambient light.
The collection optics consists of two 40 mm diameter lenses located outside the trap vacuum chamber,
120 mm away from the trap center, with magnification factor of 4.2. A beam splitter is used so that trapped
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Figure 4: Diagram of optical instrumentation for the experiments. The electric field of the light originating
from the laser points out of the diagram. Light received at the detectors on average has scattered 20◦ from the
incident beam direction.
particles may be simultaneously viewed by both a low light level CCD video camera (WATEC 120N) and a
low noise photodiode (FEMTO FWPR-20-SI) with a 20 Hz bandwidth. A 500µm diameter pinhole aperture is
positioned in the focal plane in front of the photodiode to minimize the contribution of background light to the
detected signal coming from trapped objects. Finally, a 1/4 wave plate on a rotation stage allows for control of
the light polarization illuminating the trapped particle.
6 Interaction of graphene with electric fields
The graphene samples studied in this experiment are irregularly shaped flakes whose size will in general not
be small in comparison to the 532 nm laser wavelength. However, to get a rough idea of the expected signal
from scattered light, I will estimate the interactions of a graphene flake with an applied electric field in the
quasi-static dipole approximation. In this approximation, the dipole moment, p = 0αE, is estimated from
the polarization induced by a uniform electric field. α is the polarizability tensor, and 0 is the permittivity of
vacuum. Analytically tractable results for a circular disk may be derived by determining the polarizability of
an oblate spheroid [40] with semimajor axis, a, and allowing the semi-minor axis, b, to go to zero. Inside the
spheroid, the complex permittivity is:
 = 0 +
σ3D
ω
i, (7)
where σ3D is the volume conductivity of the material and ω is the angular frequency of the applied field. For
an oblate spheroid, α‖, the response to an electric field oriented in the plane of rotational symmetry, E‖, is:
α‖ =
4
3
pia2b
σ3D
0ω
i
1 + β σ3D0ω i
, (8)
where β is a geometical factor ∼= pib/(4a) for b  a [40]. To obtain an expression for a disk, I equate σ2D
with the product of σ3D and 4b/3, the mean thickness of the spheroid in the direction of its axis of symmetry
averaged over its cross section. The result is:
α‖ = pia3
[
σ2D
0ωa
]
i
1 + 3pi16
[
σ2D
0ωa
]
i
. (9)
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Figure 5: Predicted heating (versus laser power) and cooling (versus time after the heating source is turned off)
of a graphene single layer in vacuum. Heat is assumed to be removed from the flake by black body radiation into
a surrounding environment at T = 0, and the heat capacity is assumed to be 3kB per C atom. The laser beam
diameter is 0.5 mm, and 2.3% absorptivity and emissivity are assumed. Size effects and temperature dependence
of the heat capacity have been neglected and will become increasingly important at low temperature.
6.1 Optical Scattering and Absorption
At optical frequencies it is now well established experimentally [41][42][3] that σ2D ∼= e2/4~ for monolayer
graphene. Using this value and ω = ωL = 3.54 × 1015sec−1(for λ=532 nm) yields a value of 4 × 10−3 for the
term in brackets in Eq. 9 with a=0.5 µm. Thus, at optical frequencies for micron-scale flakes with one or a few
layers:
α‖ ∼= ipia2 σ2D
0ωL
. (10)
This value will scale linearly with n, the number of layers in a flake, provided n is small. Using this approximation
the optical absorption cross section, σabs, of a flake oriented perpendicular to the incident radiation is [40]:
σabs =
2pi
λ
Im[α‖] = npia2 × e
2
40~c
∼= 0.023× npia2. (11)
This picture predicts that a graphene monolayer absorbs 2.3% of the light impinging on its area, in agreement
with experiments [41]. This absorption has significant implications for optical measurements, since sample
heating can be large in a high vacuum environment at laser powers above a milliwatt (Fig. 5).
To determine the visibility of a flake I next calculate the forward scattering differential (per solid angle Ω)
cross section of a flake oriented perpendicular to the incoming radiation using the same assumptions [40]:(
dσ
dΩ
)
[θ = 0] =
(
1
4pi
)2(
2pi
λ
)4
|α‖|2 ∼=
(
0.023× npia2
2λ
)2
. (12)
The quantity npia2 is proportional to the mass of the flake. The result of Eq. 12 is plotted in Fig. 6 as a
function of particle mass using typical experimental parameters. These calculations show that a single layer of
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Figure 6: Predicted optical signal and forward scattering cross section for graphene as a function of its size.
Finite size corrections to dipole scattering are neglected.
graphene with a 1µm×1µm area should be visible in the experiments. It is important to note, however, that
visible objects will not conform to the condition that a  λ. This, combined with the fact that flakes will be
irregular in shape (and possibly contain regions with different layer thickness), means that these results are at
best rough estimates of the expected optical scattering from trapped flakes.
6.2 Optical Anisotropy
The results above were all derived for a flake in a plane oriented perpendicular to the direction of the incoming
radiation, when E always lies in the plane of the flake. Because of the thinness of graphene (and the anisotropy
of graphite in general), α‖  α⊥ ≈ 0. Consequently the optical response of trapped graphene should vary with
time if the flake orientation changes with respect to the incident radiation. If the flake is randomly oriented in
linear polarized light (LPL): (
dσ
dΩ
)mean
LPL
=
2
3
(
dσ
dΩ
)max
and
(
dσ
dΩ
)min
LPL
= 0. (13)
The maximum value is that determined from Eq. 12, and will be the same for linear or circular polarized
incident light. Because circular polarized light (CPL) effectively averages over orientation around the direction
of incident radiation: (
dσ
dΩ
)mean
CPL
=
2
3
(
dσ
dΩ
)max
and
(
dσ
dΩ
)min
CPL
=
1
2
(
dσ
dΩ
)max
. (14)
These equations predict that temporal fluctuations should approach 100% in LPL and 50% in CPL. The slow
(20 Hz) response of the photodiode in the experiments means that these fluctuations will be averaged out at
high pressures, however.
6.3 Optical Torque
Because electromagnetic waves carry angular momentum as well as energy, absorption of light (Eq. 11) must
also convey torque, N = p×E, to the particle if the incoming radiation is circularly polarized:
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N⊥ = I⊥ω˙⊥ = ± S
ωL
× 0.023× npia2, (15)
where S is the incoming radiation power flux. N⊥, ω⊥, and I⊥ are respectively the torque, angular velocity,
and moment of inertia associated with motion around an axis perpendicular to the plane of the flake, which
is assumed to be oriented perpendicular to the direction of incident radiation. For a circular flake with uni-
form density: I⊥ = ma2/2 = pina4ρ2D/2, where ρ2D is the 2D mass density of single layer graphene=7.6
×10−7 kg·m−2. Thus:
ω˙⊥ ∼= ± S
ωL
× 0.023× 2
a2ρ2D
. (16)
Note that since both torque and mass are linearly dependent on n, n does not appear in this formula. For 5 mW
laser power and a ∼=0.5µm, ω˙⊥ = 1.1 × 106 sec−2. In circularly polarized light, the angular rotation velocity
of a graphene flake will increase until the optical torque is matched by frictional drag at ωmax = ω˙⊥/γω This
result implies that at low pressures, when γω ≤1 sec−1, rotational frequencies above 1 MHz are possible. The
thermal rotational angular velocity is given by:
1
2
kBT =
1
2
Iω2, (17)
which, for a 1µm diameter single layer graphene flake at 300 K, leads to ω = 2 × 105 sec−1. Thus, at low
pressures, light-induced rotation will exceed thermal rotation of the graphene flakes.
6.4 Low Frequency Torques
At frequencies ≤1 GHz, the bracketed term in Eq. 9 1 and:
α‖ ∼= 16
3
a3
(
1 +
16
3pi
[
0ωa
σ2D
]
i
)
. (18)
The real part of this expression is simply the static electric polarizability of a thin disk of radius a [43]. This
term produces a torque along an axis in the plane of the flake when E is at an angle θ from the flake plane:
N‖ = E⊥0α‖E‖ =
16
3
0a
3E2 sin θ cos θ = I‖ω˙‖. (19)
For 2D objects the moments of inertia have the property: I‖1 + I‖2 = I⊥, and for a circular uniform disk:
I‖ = ma2/4. Thus, for a disk:
ω˙‖ =
64
3
a
m
0E
2 sin θ cos θ. (20)
Typical low frequency electric fields that can be conveniently applied in the trap (by applying a voltage to the
inner electrode) are ∼ 1000 V·m−1. This value is comparable to the electric field that the particle experiences
due to thermal motion away from the trap minimum. For a=0.5µm andm = 10−18 kg, ω˙‖ is at most 5×107sec−2,
a value that can be considerably larger than the value for the angular acceleration from optical fields calculated
above.
Finally, the imaginary term in Eq. 18 leads to a braking effect, since dissipation occurs when charge moves
on the spinning flake to shield external electric fields oriented in the flake plane. For a circular disk:
γω(E‖) = ω˙⊥/ω⊥ =
512
9pi
a2
mσ2D
20E
2
‖ . (21)
At low frequencies, it is inappropriate to use the optical value for σ2D, since the conductivity will depend on
the number of carriers in the flake (and possibly on quantum size effects in a mesoscopic system). However,
to obtain an order of magnitude estimate of the braking rate, I use σ2D = e
2/4~, a =0.5µm, m = 10−18 kg,
and E=1000 V·m−1to get γω(E‖) ∼= 10−5 sec−1. From a perusal of Fig. 2 it is seen that γω(E‖) is negligible
compared to damping from background gas (assuming γv ∼= γω) for the conditions of this experiment. However,
damping either from applied electric fields or those experienced during thermal motion could become dominant
at pressures < 10−10 torr.
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Figure 7: Photo of the trap with a confined visible graphene flake. The particle is on the left, while scattering
from the faces of the electrodes is visible on the right.
7 Measurements
While the graphene suspensions described above are stable for weeks, for these experiments they are typically
prepared within 24 hours of their use. After the syringe containing the suspension is placed on the trap column,
high voltage is applied to the tip, and the gas surrounding it is purged with filtered N2 for several minutes. The
gate valve is then opened to the trap chamber and liquid flow is initiated out of the electrospray tip by activating
the syringe pump. Once electrospray emission is initiated, particles are observable with the video camera
(typically 0.1-1 sec−1), and pressure in the trap chamber increases. The 500 mtorr pressure in the chamber
used during trapping will decrease, along with collection efficiency, as the pinhole becomes contaminated during
operation.
Trapping of particles passing near the trap is facilitated by applying a DC bias (typically ±2 V) to the inner
electrode that draws the trap minimum towards the electrodes. Once a particle is caught, the gate valve is
closed; the DC bias can be removed; and the chamber can be pumped to lower pressures with the turbo pump.
Trapped graphene flakes are highly sensitive to light: at high pressures (when they are trapped) this can be
seen in “fluttering” (irregular motion) that increases with laser power; at lower pressures (≤ 10 mtorr) particles
can rapidly discharge (and leave the trap) when the laser power significantly exceeds 10 mW. These effects are
consistent with heating of the flakes by absorbed light. Discharging at high light levels occurs at a similar
rate for both negatively and positively charged trapped flakes, suggesting that thermionic emission is not the
operative mechanism. Most likely ionic species are present on the flake surface of both polarities and volatilize
at high temperatures to discharge the flake.
At the lowest obtainable pressures (p <0.1-1µtorr) damping is extremely inefficient, and particles are fre-
quently expelled from the trap, most likely from electrical or acoustic noise coupling to the resonant frequency
of motion of the trapped flake. At higher pressures and at low light levels, particles can remain in the trap for
weeks.
During pumping to low pressures, the optical signal coming from scattering from the flake is monitored with
the photodiode. Strong fluctuations in time appear typically at p <10 mtorr for graphene flake samples (Fig.
8a). These fluctuations are largest in magnitude when the sample is viewed with LPL. Such fluctuations do
not appear when non-graphitic dust particles are trapped. Of the particles that do display fluctuations, greater
than half of them display virtually 100% signal modulation in LPL at p < 0.1 mTorr. Only these (∼ 100%
modulating) are chosen for more detailed study. It should be emphasized at the outset that this criterion does
not mean that the graphene flakes are single layer, since even multilayer flakes are still optically very thin, and
should display a large anisotropy. It is unlikely, however, that crumpled balls or wads of graphene would display
large anisotropy, and consequently the measurements discussed below are taken on thin, flat flakes.
Data for a such a flake at p < 10−5 torr is shown in Fig. 8b. When pumped down while viewing in
LPL, the fluctuations evident at higher pressures increase to 100% of the photodiode signal. If the sample is
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Figure 8: (a) Light scattering from a graphene flake at a pressure near the onset of the appearance of fluctuations.
At higher pressure the scattered light signal becomes uniform. (b) Behavior of a flake at low pressure. For the
circular polarized light measurement, the laser is turned on at t = 0 after being off for an extended period.
Data is taken for linear polarized light after switching away from a long exposure to circular polarized light at
t = 0. The minimum signal observed using linear polarized light is limited by instrumental noise.
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Parameter Units A B C D E
Vtip kV -2 -2.2 2.8 2.8 3.1
Ωt/2pi kHz 35 30 20 30 20
q/m C·kg−1 -121 -48 16 30 14(
dσ
dΩ
)max
LPL
10−15 m2 5.5 12 160 100 460(
dσ
dΩ
)equil
CPL
10−15 m2 3.3 6.5 75 50 210
Optical m 10−18 kg 2.6 3.9 14 11 24
Inferred q |e| -1970 -1170 1400 2060 2100
γω sec
−1 0.02 0.012 0.003 0.01 0.09
p µtorr 0.6 1.0 0.3 0.6 1.5
p/γω µtorr·sec 30 80 100 60 17
Table 1: Characteristics of five flake samples. Vtip is the voltage applied during electrospray ionization and
determines the sign of the charge of the trapped particle. Optical mass is that inferred from Eq. 12 and Fig. 6.
The rotation resonance measurements were performed on Sample E.
then illuminated with CPL, the fluctuations almost completely disappear, and the signal approaches a nearly
constant, equilibrated value. If the illumination subsequently is switched back to LPL, quasiperiodic behavior is
observed: the characteristic frequency of the fluctuations increases with time until they exceed the measurement
bandwidth of the photodiode, at which time large amplitude random fluctuations are again observed.
The likely interpretation of this behavior is that rotation of the flake is induced by CPL, which stabilizes
its orientation relative to the direction of incident radiation. The quasiperiodic behavior observed when the
illumination is switched to LPL is a consequence of the gradual slowing of this rotation due to friction with the
residual gas in the trap chamber. Periodic behavior can occur if there are torques on the flake along an axis
in the flake plane, which can come from electric fields, as was discussed above. These torques would cause the
axis of rotation of the flake to precess with angular velocity ∼ ω˙‖/ωg(t). The precession frequency increases as
the angular velocity of the graphene flake, ωg, slows down, just as the wobbling frequency of a top increases as
it spins down.
It has been shown under general circumstances [25] that the axis of symmetry of small, absorbing, oblate
spheroid will tend to align with the direction of incident radiation when illuminated with CPL. The plane of
the flake is thus presumably oriented perpendicular to the incident radiation when the particle has reached its
steady state value when illuminated with CPL. The theory above predicts that the scattered light intensity
should be maximal in this orientation, since the electric field is always in the plane of the flake. The data in
Fig. 8b clearly show, however, that peak scattering occurs under LPL illumination and substantially exceeds
the scattering from the flake after it has been illuminated by CPL for a long period. This discrepancy is
likely an indication that the flake is not in fact significantly smaller than a wavelength. A flake in the mirror
configuration, where the angle of incidence is equal to the angle of scattering and where the electric field lies
in the flake plane, should presumably scatter with peak intensity for a large flake. It is likely that this is the
orientation of the flake when the signal is maximal under LPL illumination.
The characteristics of five samples that showed rotating behavior at low pressures are listed in Table 1. q/m
is determined by observing motional resonance (typically at 1-10 mtorr) and using Eq. 5 with the known trap
parameters.
(
dσ
dΩ
)max
LPL
is the peak signal scattered from the sample in LPL, and
(
dσ
dΩ
)equil
CPL
is the signal from the
sample after it has been illuminated with CPL for an extended period. Both of these optical measurements are
made at p < 10−5 µtorr. Because it is likely to be least sensitive to size effects,
(
dσ
dΩ
)max
LPL
is used to determine
the “optical” mass using Eq. 12, and q is then determined from the optical mass.
It is also possible to estimate the mass by observing Brownian motion (also typically at 1-10 mtorr) and
using Eq. 6. This technique gives results 3-10 times smaller than the optical mass. Systematic errors can easily
enter this measurement, however: T for the flake under illumination is not known accurately. Also, electronic
and acoustic noise can contribute to the observed fluctuations and cause the mass to be underestimated.
Perhaps the most surprising aspect of the data is the extremely long times it takes for the sample to
equilibrate at low pressures. The rotational damping rates γω listed in Table 1 are estimated from the changing
frequency of the quasiperiodic oscillations observed during spin down in LPL, assuming that the torque that
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is causing precession is constant. The pressure reading on the ionization gauge downstream from the trap was
between 0.3 and 1.5µtorr during these measurements. The resultant values for p/γω are large and suggest that
the samples all contain many layers if the simple kinetic picture of damping presented above is correct and if
γω ∼ γv. The pressure measurement in the experiment is certainly inadequate, but to bring the data into line
with theory for a monolayer flake, the pressure in the chamber would need to be lower than the gauge value,
which would be surprising. (The cold cathode gauge reading is closely matched to the capacitance diaphragm
gauge, very near to the trap center, when they are both in range.)
8 Observation of Rotational Resonance at MHz Frequencies
The data presented above provides strong indirect evidence that flake spinning is induced by exposure to CPL.
The long measured values of γω - combined with the estimates of optical torque for graphene - suggest that the
rotation frequency is in the MHz range in the experiments. Direct optical observation of this spinning using
fast optical detectors is a challenge due to the small (femtowatt) signals scattering off the flakes. An alternative
is to excite the flakes at high frequencies and seek to observe changes in the optical signal measured at low
frequencies. In particular, a sample can be exposed to high frequency electric fields by applying a voltage to
the inner electrode of the trap. At MHz frequencies, these fields have a negligible effect on the position of the
trapped flake, but do produce torques on the sample as was discussed above.
To perform this experiment a sample was illuminated with CPL at p < 10µtorr. An 8 V amplitude AC
signal was applied to the inner electrode, corresponding to a peak E at the trap center of 1250 V·m−1. The
frequency was ramped logarithmically while the optical scattering signal was monitored (Fig. 9). The data
clearly show sharp jumps in the photodiode signal, occurring both when the frequency is scanned upwards and
downwards. The jumps are not uniform in size, however. Note also that the direction of the jump (towards
brightening or dimming) is not always the same for a given direction of the frequency sweep.
The rotation resonance jumps show clear dependence on the pressure in the trap: the magnitude of the
jumps decreases markedly at low pressure, and the frequency at which the jumps occur is roughly inversely
proportional to the pressure (Fig. 10). The scatter in the frequency associated with the jumps is increasing
at high pressures, probably an indication that random or thermal fluctuations in the rotation and orientation
of the flake are becoming significant. Subsequent to these resonance measurements, the bias applied to the
inner electrode was switched off, and γω was determined using observation of the spin down behavior in linear
polarized light (Fig. 11).
The fact that signal intensity changes abruptly strongly suggests that the axis of orientation of the flake (or
its average orientation) is shifted by a resonant interaction with the applied torque. While it is tempting to
treat this as a problem of rigid body dynamics, a better approximation for graphene is to examine the dynamics
of a thin membrane with no rigidity whatsoever under tension purely from centrifugal forces. This problem was
treated by Lamb and Southwell [44] for the case of a circular disk. The lowest frequency transverse excitations
of the disk spinning with angular velocity ω have a single nodal diameter that rotates at ±ω in the frame moving
with the spinning disk. In a nonrotating frame, these excitations correspond to a DC tilt of the axis of rotation
and fast precession at 2ω of the rotation axis of the disk. This latter motion can presumably be excited by an
external torque applied at angular frequency 2ω.
For rigid 2D plates of arbitrary shape (where I‖1 + I‖2 = I⊥) , small deviations of the instantaneous axis of
rotation from the principal axis perpendicular to the plate precess at angular velocity [45]:
ω
√
(I⊥ − I‖1)(I⊥ − I‖2)
I‖1I‖2
= ±ω (22)
in the co-rotating frame of reference, just as was the case for the spinning circular membrane. It is likely
then that under very general conditions, rotating 2D objects are susceptible to transverse excitation at angular
frequency 2ω.
Equating the observed resonance frequency in the data with twice the rotation frequency of the flake, ωg/pi,
allows for the estimation of the flake dimensions: γω may be estimated from the data in Fig. 11. Combining these
values (both measured at 1.5µtorr) allows for the determination of ω˙⊥ = ωgγω = 1.7 × 106 sec−2. Eq. 16 can
then be used to evaluate the size of the flake: a ∼=0.4µm. Furthermore, p/γω can be used to estimate n=17, if the
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Figure 9: Observation of rotational resonance of a graphene flake. For all of the data, the sample is exposed to
4 mW circular polarized light during the measurements.
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Figure 10: Effect of chamber pressure on the frequency at which rotation resonance jumps occur.
simple kinetic theory of damping is valid. A flake with these dimensions would havem = pia2nρ2D = 6×10−18 kg,
a factor of four lower than the optical mass listed in Table 1.
Finally, using these estimates for the particle size and the result of Eq. 20, the precession rate of the
axis of the flake induced by torques from the resonant electric field can be estimated: ω˙‖/ωg ∼0.3 sec−1(at
p=1.5µtorr). Resonant reorientation (on the slow experimental time scales) is thus a reasonable explanation for
the observed modulation of light scattering from the rotating graphene flake at specific excitation frequencies.
A detailed understanding of the reorientation dynamics observed in Fig. 9, however, will require additional
experimentation.
9 Optimizing the Measurements
The measurements presented above are obviously preliminary, and many aspects of the experimental design
need to be improved. More uniform samples and better techniques to estimate their dimensions are desirable.
A more accurate model of light scattering from micron-scale graphene flakes will also be required. Below is a
list of several improvements to the experiment.
9.1 Trap Design
The trap design presented in Fig. 1 suffers from the disadvantage that there is a large cubic term in the confining
pseudopotential near the trap minimum. When excited to large amplitudes the system exhibits hysteresis,
making it difficult to measure the frequency of resonance accurately. Traps with a symmetric design can make
much more precise determinations of q/m [21] and (by observing single electron discharging or charging events)
of q and m separately [22]. An advantage of the current design, however, is that a trapped particle can in
principle be transferred between two traps whose apexes are brought close together. Sample transfer may be
useful, for example, in a load lock to a UHV or cryogenic environment.
9.2 Particle Injection and Preparation
While the techniques presented above for creating graphene suspensions and injecting them into the trap have
yielded encouraging preliminary results, the data suggest that that flakes trapped so far have been multi-
(or even many) layer. It is possible that the suspension contains mostly multilayer flakes. However, it is
also likely that there is substantial selection bias in the experiment towards trapping large particles: given a
∼30 mg·L−1suspension of graphene injected into the trap chamber at 1 µL·min−1, there are 105 − 106 particles
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Figure 11: Spin down behavior measured subsequent to observation of rotational resonance of the flake observed
with 4 mW of linear polarized light. Previous to t = 0, the flake had been exposed to 4 mW of circular
polarized light for a long period. To facilitate the observation of the quasiperiodic oscillations, the time axis is
exponentially expanded in the bottom plot.
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injected every second, while typically ∼0.1-1 sec−1are observed to enter the trap vicinity. If the trap design
favors trapping heavy particles (for example if the chamber pressure is so high that the large damping of light
particles prevents effective trapping), then measurements of trapped particles will not reflect the distribution
of sizes of particles in the original suspension. Further measurements on both the distribution of particle sizes
in the suspension and of biases present in the trapping design are necessary.
In the current experiment q/m is not a readily adjustable parameter (aside from its sign). Further charging
of trapped particles would be desirable, for example, to offset the discharging of the particles that was observed
at high light intensities or to increase flake charge beyond what is possible using the electrospray ionization
method. Additional charging could be provided, either by using ultraviolet light [18] or by an electron beam
[22].
Finally, while suspensions of graphene created using ultrasonication yield irregularly shaped flakes with a
distribution of sizes, substantial improvement are possible: with a starting material of long cylinders etched
using deep reactive ion etching (RIE) [46] from highly oriented pyrolytic graphite (HOPG), for example, the
lateral dimensions of the flake could be made uniform. Ultra-centrifugation techniques [47] may lead to the
production of suspensions containing flakes of only a specified number of layers.
9.3 Optics
The optical setup presented above will clearly benefit from a more rapid and versatile method for controlling light
polarization. The measurements of rotational resonance were performed under continuous CPL illumination
for simplicity. A better experiment would illuminate with CPL to confer angular momentum on the flake and
measure with LPL in order to maximize sensitivity to flake orientation. Another improvement would be to view
scattering at an angle perpendicular to the incoming radiation (and thus in the plane of the spinning disk) to
maximize sensitivity of scattering to small changes in the orientation of the flake.
10 Applications for Levitated Graphene
10.1 Mechanical and Materials Properties Measurements
Graphene has been deemed the world’s strongest material because of its large Young’s modulus and proven
ability to withstand tensile strain in excess of 10% [11]. Spinning graphene up to high rotational velocities
should provide an important measurement tool for graphene in an environment where uniform and controllable
tensile stresses can be applied. The tensile stress from centrifugal force, fc, at the center of a circular graphene
single layer rotating about an axis perpendicular to its plane is [44]:
fc =
1
8
(3 + ν)a2ω2ρ2D, (23)
where ν is the Poisson ratio (around ∼0.17 [11] for graphene). If the yield strength is roughly at 10% strain and
the Young’s modulus is E2D=340 N·m−1[11], then the maximum possible value of aω ∼ 104 m·sec−1, and the
maximum rotation frequency of a graphene flake with a=1µm is ∼1.7 GHz. While this rotation rate is much
greater than was achieved in the experiments presented above, higher rotational velocities should be attainable,
either by performing experiments at lower pressures or at higher laser powers.
In addition to centrifugal force, charged graphene also experiences electrostatic tension, fe, which may be
estimated from the capacitance (C) of a circular disc [43]:
fe =
d
d(pia2)
(
q2
2C
)
=
1
2pia
d
da
(
q2
160a
)
=
q2
32pi0a3
. (24)
For the experiments discussed above, q ∼ ±2000 e and a ∼0.5µm so fe ∼ 10−3 N·m−1. While this number
suggests that flake charge can be substantially increased, it is likely that electronic or ionic field emission at
the edges of the flake will determine the maximum charge it can hold, rather than the intrinsic strength of the
graphene.
The measurement of rotational resonance, in addition to providing direct information about the flake’s
rotation frequency, may provide a means to measure dissipation of vibrational excitations of the spinning disk
when coupling to the external environment is extremely small and controllable. Rotational resonance may
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have sensitivity exceeding mechanical resonance of graphene attached to substrates for determination of the
mechanical properties of the material, especially in the regime of large tensile deformations.
The thermal isolation of trapped graphene, combined with its strong optical absorption, means that it should
be relatively easy to measure graphene’s material and chemical properties at extremely high temperatures
without any interaction from a substrate. Very little is known about the melting of graphene [2] or how defects
will behave at high temperatures. Temperature dependent adsorption and desorption of various atomic species
[48] introduced into the trap chamber can presumably be measured with high accuracy, either by measurement
of the flake mass [22] or by rotational resonance.
10.2 Crystal Growth and Modification of Trapped Graphene
A significant limitation of the approach to graphene trapping presented above is that flake size is limited:
it is improbable that flakes larger than ∼10µm can be injected into the trap using liquid suspensions and
the electrospray technique. Trapped flakes may possibly be modified in situ, however. For example, high
temperature anneals of rotating flakes might alter the shape of the trapped flake by promoting migration and
smoothing rough edges. It is possible that the trapped environment may also have applications for graphene
crystal growth: the general arguments against 2D crystallization [49] are unlikely to be valid in the presence of
electrostatic or centrifugal tensions that would tend to keep the structure planar. The low mass of graphene
monolayers means that even “wafer-scale” graphene can be held in traps without difficulty. The challenge is to
find appropriate conditions where a small trapped graphene crystal will expand and maintain crystallinity when
exposed to carbon sources, such as those used for C doping in molecular beam epitaxy [50][51]. One possibility
is that vacancies are first injected into the bulk from the edge by a brief exposure to a high temperature.
Subsequently, at a lower temperature, C from an impinging molecular beam is incorporated into the crystal at
the positions of the vacancies. Because of the short time constants associated with cooling graphene at high
temperatures (Fig. 5), such multi-temperature growth cycles could proceed very rapidly.
The fact that electrostatic or centrifugal tensioning of graphene flakes can be used to increase the lattice
constant by up to 10% may also facilitate novel heteroepitaxial materials based on a graphene substrate with an
adjustable lattice. Boron nitride, with a lattice constant about 2% greater than graphene, may grow conformally
on an appropriately tensioned substrate. Possible C-BN multilayers grown in this way may modify the band
structure of the carriers in the graphene [52] or improve their mobility [7].
Is it likely that for many applications a sample prepared or modified in a trap will ultimately need to
be positioned on a substrate. It is possible that electromagnetic focusing techniques (like those used in mass
spectroscopy and electron microscopy) could be used with trapped flakes to place them accurately on substrates,
although maintaining proper orientation of the flake during its deposition onto a surface could be challenging.
10.3 New Physics
The strong optical absorption that makes observing and spinning graphene easy will unfortunately make if very
challenging to cool samples and observe new physics, either of the mechanical system or of the confined charge
carriers. The optical measurement scheme presented above would need to be dramatically improved to enable
low temperature measurements. Nonetheless it is worth mentioning some experimental possibilities worthy of
investigation: buffer gas cooling of the trapped flake using 3He may enable cooling to ∼0.3 K. Measurement of
the 2D charge carriers could be accomplished either by their effect on the rotational resonance behavior or by
the braking effect noted above (Eq. 21). Graphene samples annealed at high temperature to remove adsorbates
and measured in high vacuum may have extremely high carrier mobilities [3]. Traps could be placed in magnetic
fields to facilitate measurements in the quantized Hall regime, but the charge density on the flakes will not be
uniform [43] and will be sensitive to the orientation and the rotational velocity of the flake. Torques associated
with orbital diamagnetism [53] of the 2D charge carriers should be detectable by their effect on flake orientation
[54]. It is also possible that under appropriate conditions resonant coupling between electron or nuclear spins
situated in the flake and the rotation or orientation of the flake could be observable.
Finally, it may be possible to cool levitated graphene using unorthodox techniques: for example, adiabatic
detensioning of the vibrational modes of a spinning membrane may lead to cooling as the rotational frequency is
slowed. Low temperatures could conceivably be reached either by coupling to a laser-cooled atomic system [55]
[56] or by direct optical cooling using cavity optomechanics techniques [57] [58] [59]. Perhaps the ultimate goal
is to reach kT/~ < ωg, a regime where thermal excitations of the rotating membrane are suppressed, analogous
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to cooling to the ground state of a mechanical system [60]. For a graphene flake rotation frequency of order
1 GHz, this goal can be reached at T ∼ 50 mK. Trapped graphene would then be a “spinning qubit” for studies
in quantum information science.
11 Acknowledgements
This work was supported by the Laboratory for Physical Sciences. The author has benefited from discussions
with M. Fuhrer and C. Monroe. Special thanks to B. Palmer for the use of a table in his lab.
References
[1] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V. Dubonos, I. V. Grigorieva, and
A. A. Firsov. Electric Field Effect in Atomically Thin Carbon Films. Science, 306:666–669, 2004.
[2] A. K. Geim. Graphene: Status and Prospects. Science, 324:1530–1534, 2009.
[3] S. Das Sarma, Shaffique Adam, E. H. Hwang, and Enrico Rossi. Electronic transport in two dimensional
graphene. arXiv:1003.4731v1, 2010.
[4] Caterina Soldano, Ather Mahmood, and Erik Dujardin. Production, properties and potential of graphene.
Carbon, 48:2127–2150, 2010.
[5] Jian-Hau Chen, Chaun Jang, Shudong Xiao, Masa Ishigami, and Michael S. Fuhrer. Intrinsic and extrinsic
performance limits of graphene devices on SiO2. Nature Nanotechnology, 3:206–209, 2008.
[6] P. Neugebauer, M. Orlita, C. Faugeras, A. -L. Barra, and M. Potemski. How Perfect Can Graphene Be?
Physical Review Letters, 103:136403, 2009.
[7] C. R. Dean, A. F. Young, I. Meric, C. Lee, L. Wang, S. Sorgenfrei, K. Watanabe, T. Taniguchi, P. Kim, K. L.
Shepard, and J. Hone. Boron nitride substrates for high quality graphene electronics. arXiv:1005.4917v1,
2010.
[8] Kirill I. Bolotin, Fereshte Ghahari, Michael D. Shulman, Horst L. Stormer, and Philip Kim. Observation
of the fractional quantum Hall effect in graphene. Nature, 462:196–199, 2009.
[9] Xu Du, Ivan Skachko, Fabian Duerr, Adina Luican, and Eva Y. Andrei. Fractional quantum Hall effect
and insulating phase of Dirac electrons in graphene. Nature, 462:192–195, 2009.
[10] J. Scott Bunch, Arend M. van der Zande, Scott S. Verbridge, Ian W. Frank, David M. Tanenbaum, Jee-
vak M. Parpia, Harold G. Craighead, and Paul L. McEuen. Electromechanical Resonators from Graphene
Sheets. Science, 315:490–493, 2007.
[11] Changgu Lee, Xiaoding Wei, Jeffrey W. Kysar, and James Hone. Measurement of the Elastic Properties
and Intrinsic Strength of Monolayer Graphene. Science, 321:385–388, 2008.
[12] D. Garcia-Sanchez, A. M. van der Zande, A. San Paulo, B. Lassagne, P. L. McEuen, and A. Bachtold.
Imaging mechanical vibrations in suspended graphene sheets. Nano Letters, 8:1399–1403, 2008.
[13] O. M. Morago, F. Bonaccorso, R. Saija, G. Privitera, P. G. Gucciardi, M. A. Iati, G. Cologero, P. H. Jones,
F. Borghese, P. Denti, V. Nicolosi, and A. C. Ferrari. Brownian Motion of Graphene. arXiv:1006.0280v1,
2010.
[14] M. D. Simon and A. K. Geim. Diamagnetic levitation: Flying frogs and floating magnets (invited). Journal
of Applied Physics, 87:6200–6204, 2000.
[15] Oliver Krauss and Gerhard Wurm. Radiation pressure forces on individual micron-size dust particles: a
new experimental approach. Journal of Quantitative Spectroscopy and Radiative Transfer, 89:179–189,
2004.
20
[16] J. F. Spann, M. M. Abbas, C. C. Venturini, and R. H. Comfort. Electrodynamic Balance for Studies of
Cosmic Dust Particles. Physica Scripta, T89:147–153, 2001.
[17] M. M. Abbas, P. D. Craven, J. F. Spann, D. Tankosic, A. LeClair, D. L. Gallagher, E. A. West, J. C.
Weingartner, W. K. Witherow, and A. G. G. M. Tielens. Laboratory Experiments on Rotation and
Alignment of the Analogs of Interstellar Dust Grains by radiation. The Astrophysical Journal, 614:781–
795, 2004.
[18] M. M. Abbas, D. Tankosic, P. D. Craven, J. F. Spann, A. LeClair, E. A. West, J. C. Weingartner, A. G.
G. M. Tielens, J. A. Nuth, R. P. Camata, and P. A. Gerakines. Photoelectric Emission Measurements on
the Analogs of Individual Cosmic Dust Grains. The Astrophysical Journal, 645:324–336, 2006.
[19] C. E. Pearson, D. R. Leibrandt, W. S. Bakr, W. J. Mallard, K. R. Brown, and I. L. Chuang. Experimental
investigation of planar ion traps. Physical Review A, 73:032307, 2006.
[20] Robert J. Clark, Tongyan Lin, Kenneth R. Brown, and Isaac L. Chuang. A two-dimensional lattice ion
trap for quantum simulation. Journal of Applied Physics, 105:013114, 2009.
[21] Y. Cai, W. -P. Peng, S. -J. Kuo, Y. T. Lee, and H. -C. Chang. Single-Particle Mass Spectrometry of
Polystyrene Microspheres and Diamond Nanocrystals. Analytical Chemistry, 74:232–238, 2002.
[22] S. Schlemmer, S. Wellert, F. Windisch, M. Grimm, S. Barth, and D. Gerlich. Interaction of electrons and
molecules with a single trapped nanoparticle. Applied Physics A, 78:629–636, 2004.
[23] John B. Fenn. Electrospray Wings for Molecular Elephants (Nobel Lecture). Angewandte Chemie Inter-
national Edition, 42:3871–3894, 2003.
[24] M. E. J. Friese, J. Enger, H. Rubinsztein-Dunlop, and N. R. Heckenberg. Optical angular-momentum
transfer to trapped absorbing particles. Physical Review A, 54:1593–1596, 1996.
[25] Feng Xu, James A. Lock, Gerard Gouesbet, and Cameron Tropea. Radiation torque exerted on a spheroid:
Analytical solution. Physical Review A, 78:013843, 2008.
[26] Mariela Rodriguez-Otazo, Angel Augier-Calderin, Jean-Pierre Galaup, Jean-Francois Lamere, and Suzanne
Fery-Forgues. High rotation speed of single molecular microcrystals in an optical trap with elliptically
polarized light. Applied Optics, 48:2720–2730, 2009.
[27] J. W. Beams. Production and Use of High Centrifugal Fields. Science, 120:619–625, 1954.
[28] Wolfgang Paul. Electromagnetic traps for charged and neutral particles. Reviews of Modern Physics,
62:531–540, 1990.
[29] H. G. Dehmelt. Radiofrequency Spectroscopy of Stored Ions I: Storage. Advances in Atomic, Molecular,
and Optical Physics, 3:53–72, 1967.
[30] E. James Davis. Electrodynamic Balance Stability Characteristics and Applications to the Study of Aero-
colloidal Particles. Langmuir, 1:379–387, 1985.
[31] Robert Maiwald, Dietrich Liebfried, Joe Britton, James C. Bergquist, Gerd Leuchs, and David J. Wineland.
Stylus ion trap for enhanced access and sensing. Nature Physics, 5:551–554, 2009.
[32] Femlab Multiphysics Modeling, www.comsol.com.
[33] Amplifier A304, www.lab-systems.com.
[34] PA94, www.cirrus.com.
[35] Zhigang Li and Hai Wang. Drag force, diffusion coefficient, and electric mobility of small particles. I.
Theory applicable to the free-molecule regime. Physical Review E, 68:061206, 2003.
21
[36] Daniel Barredo, Fabian Calleja, Pablo Nieto, Juan Jose Hinarejos, Guillame Laurent, Amadeo L. Vazquez
de Parga, Daniel Farias, and Rodolfo Miranda. A Quantum-Stabilized Mirror for Atoms. Advanced Mate-
rials, 20:3492–3497, 2008.
[37] Yenny Hernandez, Valeria Nicolosi, Mustafa Lotya, Fiona M. Blighe, Zhenyu Sun, Sukanta De, I. T.
McGovern, Brendan Holland, Michele Byrne, Yurii K. Gun’ko, John J. Boland, Peter Niraj, Georg Dues-
berg, Satheesh Krishnamurthy, Robbie Goodhue, John Hutchison, Vittorio Scardaci, Andrea Ferrari, and
Jonathan N. Coleman. High-yield production of graphene by liquid-phase exfoliation of graphite. Nature
Nanotechnology, 3:563–567, 2008.
[38] Yenny Hernandez, Mustafa Lotya, David Rickard, Shane D. Bergin, and Jonathan N. Coleman. Mea-
surement of Multicomponent Solubility Parameters for Graphene Facilitates Solvent Discovery. Langmuir,
26:3208–3213, 2009.
[39] LC/MS Products, www.fishersci.com.
[40] C. F. Bohren and D. R. Huffman. Absorption and Scattering of Light by Small Particles. Wiley-Interscience,
New York, 1983. Chapter 5.
[41] R. R. Nair, P. Blake, A. N. Grigorenko, K. S. Novoselov, T. J. Booth, T. Stauber, N. M. R. Peres, and
A. K. Geim. Fine Structure Constant Defines Visual Transparency of Graphene. Science, 320:1308, 2008.
[42] Kin Fai Mak, Matthew Y. Sfeir, Yang Wu, Chun Hung Lui, James A. Misewich, and Tony F. Heinz.
Measurement of Optical Conductivity of Graphene. Physical Review Letters, 101:196405, 2008.
[43] R. Friedberg. The electrostatics and magnetostatics of a conducting disk. American Journal of Physics,
61:1084–1096, 1993.
[44] H. Lamb and R. V. Southwell. The Vibrations of a Spinning Disk. Proceedings of the Royal Society A,
99:272–280, 1921.
[45] Jerry B. Marion. Classical Dynamics of Particles and Systems. Academic Press, New York, 1970. Chapter
12.
[46] Yuanbo Zhang, Joshua P. Small, William P. Pontius, and Philip Kim. Fabrication and electric-field-
dependent transport measurements of mesoscopic graphite devices. Applied Physics Letters, 86:073104,
2005.
[47] Alexander A. Green and Mark C. Hersam. Solution Phase Production of Graphene with Controlled Thick-
ness via Density Differentiation. Nano Letters, 9:4031–4036, 2009.
[48] Akira Ishii, Masana Yamamoto, Hiroki Asano, and Katsutoshi Fujiwara. DFT calculation for adatom
adsorption on graphene sheet as a prototype of carbon nano tube functionalization. Journal of Physics:
Conference Series, 100:052087, 2008.
[49] N. D. Mermin. Crystalline Order in Two Dimensions. Physical Review, 176:250–254, 1968.
[50] M. J. Manfra, L. N. Pfeiffer, K. W. West, R. de Picciotto, and K. W. Baldwin. High mobility two-
dimensional hole system in GaAs/AlGaAs quantum wells grown on (100) GaAs substrates. Applied Physics
Letters, 86:162106, 2005.
[51] S. Schmult, C. Gerl, U. Wurstbauer, C. Mitzkus, and W. Wegscheider. Carbon-doped high-mobility two-
dimensional hole gases on (110) faced GaAs. Applied Physics Letters, 86:202105, 2005.
[52] Gianluca Giovannetti, Petr A. Khomyakov, Geert Brocks, Paul J. Kelly, and Jeroen van den Brink.
Substrate-induced band gap in graphene and hexagonal boron nitride: Ab initio density functional cal-
culations. Physical Review B, 76:073103, 2007.
[53] Mikito Koshino and Tsuneya Ando. Orbital diamagnetism in multilayer graphenes: Systematic study with
the effective mass approximation. Physical Review B, 76:085425, 2007.
22
[54] M. Zhu, A. Usher, A. J. Matthews, A. Potts, M. Elliott, W. G. Herrenden-Harker, D. A. Ritchie, and M. Y.
Simmons. Magnetization measurements of high-mobility two-dimensional electron gases. Physical Review
B, 67:155329, 2003.
[55] Philipp Treutlein, David Hunger, Stephan Camerer, Theodore W. Hansch, and Jakob Reichel. Bose-
Einstein Condensate Coupled to a Nanomechanical Resonator on an Atom Chip. Physical Review Letters,
99:140403, 2007.
[56] Christoph Zipkes, Stefan Palzer, Carlo Sias, and Michael Kohl. A trapped single ion inside a Bose-Einstein
condensate. Nature, 464:388–391, 2010.
[57] D. Thompson J., B. M. Zwickl, A. M. Jayich, Florian Marquardt, S. M. Girvin, and J. G. E. Harris. Strong
dispersive coupling of a high-finesse cavity to a micromechanical membrane. Nature, 452:72–75, 2008.
[58] D. E. Chang, C. A. Regal, S. B. Papp, D. J. Wilson, J. Ye, O. Painter, H. J. Kimble, and P. Zoller. Cavity
opto-mechanics using an optically levitated nanosphere. Proceedings of the National Academy of Sciences,
107:1005–1010, 2010.
[59] S. Singh, G. A. Phelps, D. S. Goldbaum, E. M. Wright, and P. Meystre. Towards all-optical optomechanics:
An optical spring mirror. arXiv:1005.3568v1, 2010.
[60] A. D. O’Connell, M. Hofheinz, M. Ansmann, Radoslaw C. Bialczak, M. Lenander, Erik Lucero, M. Neeley,
D. Sank, H. Wang, M. Weides, J. Wenner, John M. Martinis, and A. N. Clelend. Quantum ground state
and single-phonon control of a mechanical resonator. Nature, 464:697–703, 2010.
23
